I. INTRODUCTION
Heusler alloys are ternary intermetallic compounds of the generic composition X 2 YZ.
They have attracted considerable interest since their discovery about 100 years ago [1] , mainly because of their versatile magnetic properties. Heusler compounds essentially exist in three crystallographically different structural variants: The ordered L2 1 structure with a cubic unit cell composed of four interpenetrating fcc lattices, each occupied solely by X-, Yor Z-atoms; the B2 structure with the Y-and Z-atoms randomly occupying the Y-and Zsublattices; and the A2 structure with all four sublattices occupied at random by X-, Y-and Z-atoms, corresponding to a simple bcc lattice with random site occupancy. The magnetic properties of Heusler alloys depend sensitively on the chemical order, with the perfect L2 1 structure usually possessing the largest magnetic moment [2] , [3] , [4] , [5] .
Here we report on the Heusler alloys Cu 2 MnAl and Co 2 MnSi: Cu 2 MnAl, the original Heusler phase described by Heusler [1] , may in many respects serve as a valuable model system for the complex physics of Heusler alloys, although it does not belong to the class of half metals [6] . The half-metallic phase Co 2 MnSi is established as one of the most important
Heusler alloys for applications. Given the highly ordered L2 1 structure, both Heusler alloys are strong ferromagnets with magnetic moments and ferromagnetic Curie temperatures of 3.2 μ B /f.u. [7] and 603 K [8] for Cu 2 MnAl, and 5.07 μ B /f.u. and 985 K for Co 2 MnSi [9] .
Ferromagnetic Heusler alloys experienced a striking upsurge in scientific and technological interest after the discovery of half-metallicity in some of these compounds in the early 1980s [10] : Half-metallic ferromagnets -i.e. ferromagnets with full spin polarization at the Fermi level -are promising materials for applications in spintronics [11] , [12] . They can be employed as spin filters [13] , in spin injection/detection devices [14] , [15] , or in magnetic tunneling junctions (MTJs) [16] . Apart from a few oxidic compounds and Mn-doped semiconductors [17] , [18] , [19] , the class of Heusler alloys provides the only metallic alloy system with halfmetallicity. Research on integrating half-metallic Heusler alloys into GMR elements is in progress [20] , Co 2 MnSi has been successfully employed in MTJs [21] , [22] , [23] , and fully epitaxial MTJs utilizing Co-based Heusler alloys have been produced recently [24] , [25] . A topical review on magnetic properties of Co-based Heusler alloys can be found in [26] .
The magnetic and half-metallic properties of Heusler alloys depend crucially on the atomic order [27] , [28] , [29] , [30] , [31] , [32] , as mentioned above: True half-metallicity with a spin po-2 larization of 100% is theoretically predicted only for perfect L2 1 structure. Therefore, the preparation of Heusler alloy thin films with L2 1 crystal structure is of utmost importance for optimizing the performance of Heusler alloys in spintronic devices. Perfect site order can usually best be achieved by preparing films at low growth rates and high substrate temperatures. However, high preparation temperatures are often prohibited for devices by the requirement of smooth surfaces, sharp interfaces and minimized interdiffusion. The standard preparation procedure for MTJ devices with Heusler alloy electrodes provides an illustrative example: The samples, which typically comprise seven different functional layers, are prepared by sputtering all layers in one run at room temperature, since this is the only way to obtain high quality MgO or Al 2 O 3 tunnel barriers. In the as-prepared state the Heusler alloy electrodes in these junctions exist in A2 order rather than in L2 1 structure.
A high-temperature post-annealing procedure of the complete sample stack then establishes the magnetic moment and the high degree of spin polarization of the Heusler alloy electrodes [33] . During this annealing procedure chemical ordering or even crystallization of the Heusler alloy layers takes place. Only very few studies of these processes have been published until now [34] , [35] .
In the experimental section below we will report on how the ferromagnetism in thin films of the Heusler phases Cu 2 MnAl and Co 2 MnSi evolves gradually during annealing from the as-prepared, weakly magnetic state until the maximum magnetic moment is obtained.
Our main objective is to describe the correlation between long-range structural order and magnetic order, and to elucidate the kinetics of the processes on the atomic level which establish this order.
II. PREPARATION AND EXPERIMENTAL
Thin films of the Heusler phases Cu 2 MnAl and Co 2 MnSi of nominally 50 nm thickness were deposited on MgO (100) and Al 2 O 3 (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) substrates by RF magnetron sputter deposition at room temperature from stoichiometric targets. The target diameter was 50 mm, with the distance between substrate holder and target being 80 mm. The base pressure in the UHV system was 5×10 −9 mbar, and we used Ar at a pressure of 5×10 X-ray reflectometry (XRR) and diffractometry (XRD) were conducted for determining the film thickness, as well as for investigating the crystal structure of the samples, and the epitaxial relation between film and substrate. Conventional in-house fixed-anode and rotating-anode two-axes diffractometers as well as the (6+2)-circle diffractometer at the synchrotron-based beamline W1.1 at HASYLAB (DESY) were employed for these measurements. All these facilities provide radiation with a wavelength of λ = 0.154 nm, which belongs to the characteristic Cu-K α x-ray emission line. The magnetic properties of the samples were characterized by a vibrating sample magnetometer (VSM), integrated in a physical properties measurement system (PPMS, by Quantum Design). The VSM is equipped with an UHV oven (temperature range: from room temperature to 1000 K), and thus allows for an in-situ observation of the development of the magnetic moment during thermal treatment.
Samples designated for structural characterization were annealed ex-situ in the heating stage of the UHV sputter deposition system, whereas samples appointed for magnetic characterization underwent in-situ thermal treatment in the VSM while measuring the sample magnetization. Since the vacuum conditions in the UHV sputter deposition system are considerably better than in the VSM, long-time annealing was only conducted in the UHV sputter deposition system.
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III. RESULTS AND DISCUSSION
In Fig. 1 we show examples of x-ray reflectivity scans of Cu 2 MnAl and Co 2 MnSi thin films prepared at room temperature. The period of the well-defined total thickness oscillations corresponds to a total film thickness of 53 nm, in good agreement with the nominal thickness including the capping layer.
Interestingly, in the as-prepared sample state we could not detect any Bragg reflections in the range of high angles -irrespective of the substrate type, and even when employing the high intensity of a synchrotron radiation source (see black curves in Fig. 9 , Fig. 7 (a)-(b)).
This also holds true for the fundamental Bragg reflection (220), which already exists for
Heusler alloys in the chemically completely disordered A2 structure. Thus, the chemical structure of the Heusler alloy films in the as-prepared state is amorphous, or -to be more precise -x-ray amorphous; meaning that the structural coherence length is too small to yield Bragg reflections detectable by standard XRD.
A. Development of Magnetic Order
In Fig. 2 we depict low-temperature magnetization measurements of a Cu 2 MnAl film and a Co 2 MnSi film in the as-prepared state. These films were prepared on MgO (100), but virtually the same curves are obtained for films deposited on Al 2 O 3 (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . For Cu 2 MnAl has already been reported [37] , [38] . Thus, in this respect a x-ray amorphous thin film of Cu 2 MnAl behaves similar to disordered bulk material.
As mentioned in the introduction, Cu 2 MnAl in the fully ordered L2 1 state is a strong ferromagnet with a ferromagnetic Curie temperature of 603 K [8] and a magnetic moment of 3.2 μ B at room temperature [7] . The ferromagnetism of Cu 2 MnAl results from an indi- 6 rect type of exchange interaction between the Mn-d orbitals, mediated by intermediate Al orbitals [6] . In the unit cell of the perfectly ordered L2 1 state there are no Mn nearest neighbors, whose strong antiferromagnetic exchange coupling would reduce the total magnetic moment per unit cell. In the chemically disordered A2 structure, however, nearest neighbor
Mn atoms exist with a certain probability, and the strong antiferromagnetic Mn-Mn direct exchange interaction becomes relevant. The competition between the ferromagnetic and the antiferromagnetic exchange interactions in combination with random atomic disorder gives rise to magnetic frustration and spin glass type of order [39] , [40] .
The magnetic behavior of the Co 2 MnSi film in the as-prepared state is significantly different from that of the Cu 2 MnAl film (see Fig. 2 In the x-ray amorphous state with a short-range A2-type of atomic order strong antiferromagnetic interactions between nearest neighbor Mn atoms compete with ferromagnetic
Co-Mn and Co-Co interactions [42] , thus the average total magnetic moment per formula unit is diminished. In contrast to the situation in Cu 2 MnAl, there are two magnetic atoms in the unit cell of Co 2 MnSi: Mn contributing about 3 μ B and Co contributing about 1 μ B per atom [43] . Since the majority of the magnetic interactions in the unit cell are ferromagnetic, a finite ferromagnetic magnetization remains even in the case of complete chemical disorder.
However, the magnetic ground state is not purely ferromagnetic, but random spin disorder coexists with ferromagnetic order: Such a situation is characteristic for the re-entrant ferromagnetism observed in the vicinity of the ferromagnetic and spin glass phase boundaries of systems with competing magnetic interactions [41] .
In Fig. 3 we show high-temperature magnetization measurements recorded in-situ during thermal treatment of Cu 2 MnAl and Co 2 MnSi thin films. The thermal treatment comprises two cycles for Cu 2 MnAl (see Fig. 3(a) : the black curve corresponds to first cycle, the red curve corresponds to the second cycle), and three cycles for Co 2 MnSi (see Fig. 3(b) :
the black curve corresponds to the first cycle, the red curve to the second cycle, and the green curve corresponds to the third cycle). In each cycle the sample was heated up from room temperature to a specific annealing temperature at a constant rate of 5 K/min. After annealing the films for one hour per cycle, the samples were cooled back down to room temperature at a rate of -5 K/min. The films for the measurements shown in Fig. 3 have been grown on Al 2 O 3 (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , but films grown on MgO (100) show virtually identical behavior.
For Cu 2 MnAl the initial magnetization at room temperature is very small, because the sample is non-ferromagnetic in the as-prepared state (see Fig. 3 For the observation of the irreversible structural changes via the in-situ measurement of the magnetization shown in Fig. 3 we have applied a magnetic field of H = 1 kOe. analogous measurements in fields of H = 200 Oe and H = 50 kOe, respectively, yielded virtually the 8 same temperatures for the onset of the irreversible structural changes. Thus, the applied magnetic field has no direct influence on this development.
In Fig. 4 we depict a series of magnetization measurements, in which the samples are subsequentially heated to higher and higher temperatures and quenched to room temperature while applying a constant external field of H = 1kOe. Thereby we demonstrate, that the saturation magnetization of both Heusler phases can be tuned to any value between zero and full saturation magnetic moment.
Fig . 5 shows the corresponding magnetic hysteresis loops measured at room temperature Oe for Co 2 MnSi, essentially independent of the degree of magnetic order established in the sample. These coercive forces seem exceptionally small as compared to those in thin films of the same Heusler phases prepared at high temperatures [44] , and indicate an excellent magnetic homogeneity of the films. We have also tested systematically the maximum magnetic moment which we can achieve by long-time annealing treatment of the samples at high temperatures: For the Cu 2 MnAl phase we could not improve the maximum magnetization, which was already obtained after annealing at 560 K and at 580 K for one hour each. The maximum saturation magnetic moment was 2.5 μ B /f.u at room temperature and 2.8 μ B /f.u at 4 K, which corresponds to 87.5 % of the value for bulk Cu 2 MnAl [7] . Prolonging the annealing time or increasing the annealing temperature above 600 K is counterproductive, i.e. it lowers the maximum saturation magnetic moment.
For the Co 2 MnSi phase we could increase the maximum saturation magnetic moment significantly by annealing the films at 700 K for one hour; the corresponding magnetization curve has been included in Fig. 3(b) (green curve). The saturation magnetic moment, which we achieved for Co 2 MnSi after this heat treatment, was 4.9 μ B at room temperature and 5.1 μ B /f.u. at 4 K, which corresponds to the maximum magnetic moment expected theoretically for this phase in the perfectly ordered L2 1 structure [9] .
B. Thermal Activation Energies
The irreversible change of the magnetization of the Cu 2 MnAl and Co 2 MnSi thin films at high temperatures is caused by atomic nearest neighbor hopping processes in the Heusler compound unit cell. Therefore, it appears sensible to assume that a proportionality exists between the initial change of the ferromagnetic magnetization M(T ) and the probability for nearest neighbor hopping p(T ). With the reasonable assumption of an Arrhenius law for the temperature dependence of the probability for nearest neighbor hopping processes
with the heating time t and the thermal activation energy E a . In Fig. 6 we show corresponding Arrhenius plots for Cu 2 MnAl and Co 2 MnSi, deduced by numerical differentiation of magnetization data shown in Fig. 4 . From the straight line fits in Fig. 6 we derive thermal activation energies E a of 2.2 eV and 3.0 eV for Cu 2 MnAl and Co 2 MnSi, respectively, which are reasonable values for nearest neighbor hopping processes in metals.
C. Development of Chemical Order in Co 2 MnSi
As stated at the beginning of this section, there are no detectable Bragg peaks in the XRD patterns of samples in the as-prepared state. This observation has led us to the conclusion, that before thermal treatment the samples are in an x-ray amorphous state, i.e. the coherence length of their structural order is too small to yield detectable Bragg reflections. After annealing Co 2 MnSi films for an accumulated time of three hours at temperatures ranging from 660 K to 700 K (see Fig. 3(b) ), the XRD patterns still show no Bragg reflections, although the sample is already ferromagnetic with a ferromagnetic saturation moment close to the theoretical limit. As discussed above, a reduction of the number of antiferromagnetically coupled Mn nearest neighbors is sufficient for the occurrence of ferromagnetism with large saturation moments in Heusler compounds. This can be achieved by some re-arrangement of the site occupancy within the unit cell via nearest neighbor hopping processes.
Eventually, after further annealing the sample for 10 h at 730 K, a (220) Bragg reflection indicating long-range A2 order could be detected for the Co 2 MnSi film grown on Al 2 O 3 (11-20) (see Fig. 7(a) ). However, there are two additional peaks at 2Θ = 44.2
• and at 42.3
• , respectively, which do not belong to the Heusler phase, but suggest a decomposition of the film. This is corroborated by the change of the ferromagnetic hysteresis loops after this high- 
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temperature annealing, as depicted in Fig. 8(a) : The saturation magnetization is definitely lowered, and the coercive field is clearly increased as compared to the sample state which is obtained after annealing at lower temperatures (see Fig. 3(b) ). We did not try to identify the impurity phases formed during the decomposition at 730 K. The precipitation of fcc Co from the Co 2 MnSi Heusler phase at high temperatures has been suggested in literature [45] .
Given a long-range L2 1 structural order, the (200) and (400) reflections are expected to be displayed in out-of-plane Bragg scans of Co 2 MnSi films deposited on MgO (100). These reflections remain absent, even after annealing at 730 K for 10 h (see Fig. 7(b) ). Thus, only A2-type of long-range structural order has been formed; the coherence length of B2-and L2 1 -type of long-range order still does not exceed the sensitivity limit of standard x-ray Bragg diffraction. In Fig. 7 is not much of a difference due to the alternative preparation conditions; the films prepared via the amorphous state even exhibit a slightly larger saturation magnetization and smaller coercive field (see Fig. 8(b) ).
D. Development of Structural Long-Range Order in Cu 2 MnAl
The results of our XRD studies on Cu 2 MnAl differ significantly from those discussed above for the Co 2 MnSi films in several respects: After annealing Cu 2 MnAl films for 1 h at a moderate temperature of 580 K, the out-of-plane XRD patterns already show the characteristic Bragg reflections for this phase (see Fig. 9(a)-(b) ). For the film prepared on MgO (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The intensity of the (220) peak is lower than that observed for the (200) and (400) peaks in Fig. 9(a [47] . Our experimental data allow no infer- ences on the details of the atomic short-range order and electronic structure of the samples.
Future research will provide the necessary information and will suggest explanations for the large saturation magnetic moments which can be observed in amorphous Heusler alloys.
In contrast, for Cu 2 MnAl films grown on MgO (100) we achieved epitaxial film quality from the x-ray amorphous as-prepared state by short-time annealing at a moderate temperature of 580 K. The epitaxial quality of these films is comparable to that which we have obtained before by growing Cu 2 MnAl films on MgO (100) at high substrate temperatures [48] . It is common belief that high substrate temperatures are necessary for single crystalline thin film growth, since high surface mobility of the atoms during the growth process is essential. Thus, it seems remarkable that for the Cu 2 MnAl phase an alternative route via solid state crystallization from an x-ray amorphous phase also leads to single crystallinity and epitaxy.
The crystallization and atomic ordering processes for Cu 2 MnAl and Co 2 MnSi films are significantly different. For the Co 2 MnSi phase it is easy to establish a high magnetic moment, but very difficult to achieve any type of crystalline long-range order. Actually, an annealing temperature of 730 K was required before we could observe at least the fundamental (220)
Bragg reflection. However, the Co 2 MnSi films decompose under these conditions. In contrast, long-range structural order is readily established in Cu 2 MnAl thin films. The main reason for this striking difference is the fact, that the activation energy in Co 2 MnSi is much larger than in Cu 2 MnAl. We assume that due to the covalent character of the Si metal bonds the Si atoms in the Co 2 MnSi unit cell are nearly immobile at the temperatures applicable, so that the system can hardly remove the frozen-in atomic disorder on a long-range scale. As a compromise, only chemical short-range order is formed during annealing. However, this is sufficient to establish a magnetic saturation moment reaching that predicted by theory for perfectly ordered L2 1 symmetry.
